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La science
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Fermé
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Légalement ouvert
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Effectivement ouvert
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Une brève histoire de la science

1600 : Comprendre le monde

Science artisanale

Chercheurs autonomes

Rôles des institutions (universités, sociétés savantes) :

Communication
Formation
Respect des conventions
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Une brève histoire de la science

1600 : Comprendre le monde

Science artisanale

1950 : Soutenir l’économie
Science industrielle

Financement massif par les états

Objectif : innovation

Montée en puissance des institutions (universités, CNRS, ...)

Productisation (publications, données, logiciels, ...)

Gestion managériale :

Productivité
Compétitivité
Évaluation
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Une brève histoire de la science

1600 : Comprendre le monde

Science artisanale

1950 : Soutenir l’économie
Science industrielle

2000 : Répondre aux défis sociétaux

Science sociétale

Comprendre des phénomènes complexes (santé, climat, ...)

Contribuer a l’émergence de consensus

Intégrer la diversité des points de vue
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La science ouverte

logique industrielley
logique sociétale
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La science ouverte

Ouverture à l’inspection :

Résultats : accès ouvert

Provenance : données ouvertes, code ouvert

Processus : évaluation ouverte, ...

Ouverture à la participation :

Diversité, inclusivité, ...

“Science citoyenne”

Infrastructures disponibles pour tous (Zenodo, ...)
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Faire confiance à la science
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Confiance : personnes et institutions
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Confiance : produits, publications, logiciels, calculs

Inspection, analyse

Expérience d’utilisateur

Processus de création

Confiance dans les créateurs
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Confiance par délégation

Avis d’experts

Réputation
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Les bulles de confiance

Tout le monde dans mon domaine utilise logiciel X...

... il est donc digne de confiance !
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Une publication simple

549 

5. Uber d4e von der rnolekuZarh%net4schem Theorie 
der WUrme geforderte Bewegumg vow in ruhenden 

PZ ikss4ykeitem suspendiert en l'e4 Z chen ; 
vom A. Ednsteilz. 

In  dieser Arbeit so11 gezeigt werden, da6 nach der molekular- 
kinetischen Theorie der Wiirme in Fliissigkeiten suspendierte 
Korper von mikroskopisch sichtbarer Gr66e infolge der Mole- 
kularbewegung der Warme Bewegungen von solcher GroBe 
ausfdhren miissen, daB diese Bewegungen leicht mit dem 
Mikroskop nachgewiesen werden konnen. Es ist moglich , daB 
die hier zu behandelnden Bewegungen mit der sogenannten 
,,Brown when Molekularbewegung" identisch sind; die mir 
erreichbaren Angaben iiber letztere sind jedoch so ungenau, 
daB ich mir hieriiber kein Urteil bilden konnte. 

Wenn sich die hier zu behandelnde Bewegung samt den 
fiir sie zu erwartenden GesetzmiiSigkeiten wirklich beobachten 
Mt, so ist die klasgische Thermodynamik schon fiir mikro- 
skopisch unterscheidbare Raume nicht mehr als genau giiltig 
anzusehen und es ist dann eine exakte Bestimmung der wahren 
AtomgrijDe moglich. Erwiese sich umgekehrt die Voraussage 
dieser Bewegung als unzutreffend, so ware damit ein schwer- 
wiegendes Argument gegen die molekularkinetische Auffassung 
der Warme gegeben. 

8 1. tfber den suspendierten Teilchen zuenschreibenden 
oamotisohen Druck. 

Im Teilvolumen Y* einer Fliissigkeit vom Gesamtvolumen 7 
seien z - Gramm - Molekule eines Nichtelektrolyten gelost. 1st 
das Volumen V* durch eine fiir das Losungsmittel, nicht aber 
fiir die geloste Substanz durchlassige Wand vom reinen Losungs- 

A. Einstein, 1905

un seul auteur

raisonnement verbal,
calculs niveau lycée

accessible à tout étudiant en
physique
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Une publication complexe

Evolutionary-scale prediction of atomic level protein structure
with a language model

Zeming Lin 1 2 * Halil Akin 1 * Roshan Rao 1 * Brian Hie 1 3 * Zhongkai Zhu 1 Wenting Lu 1 Nikita Smetanin 1

Robert Verkuil 1 Ori Kabeli 1 Yaniv Shmueli 1 Allan dos Santos Costa 4 Maryam Fazel-Zarandi 1 Tom Sercu 1 †

Salvatore Candido 1 † Alexander Rives 1 † ‡

Abstract

Artificial intelligence has the potential to open
insight into the structure of proteins at the scale of
evolution. It has only recently been possible to ex-
tend protein structure prediction to two hundred
million cataloged proteins. Characterizing the
structures of the exponentially growing billions of
protein sequences revealed by large scale gene se-
quencing experiments would necessitate a break-
through in the speed of folding. Here we show
that direct inference of structure from primary
sequence using a large language model enables
an order of magnitude speed-up in high resolu-
tion structure prediction. Leveraging the insight
that language models learn evolutionary patterns
across millions of sequences, we train models up
to 15B parameters, the largest language model
of proteins to date. As the language models are
scaled they learn information that enables predic-
tion of the three-dimensional structure of a protein
at the resolution of individual atoms. This results
in prediction that is up to 60x faster than state-of-
the-art while maintaining resolution and accuracy.
Building on this, we present the ESM Metage-
nomic Atlas. This is the first large-scale structural
characterization of metagenomic proteins, with
more than 617 million structures. The atlas re-
veals more than 225 million high confidence pre-
dictions, including millions whose structures are
novel in comparison with experimentally deter-
mined structures, giving an unprecedented view
into the vast breadth and diversity of the structures
of some of the least understood proteins on earth.

*Equal contribution 1Meta AI, FAIR Team. 2New York Univer-
sity. Work performed as a visiting researcher at Meta AI. 3Stanford
University. Work performed as a visiting researcher at Meta AI.
4Massachusetts Institute of Technology. Work performed dur-
ing internship at Meta AI. †Research and engineering leadership.
‡Correspondence to <arives@meta.com>.

Preprint. Copyright 2022 by the authors.

1. Introduction
The sequences of proteins at the scale of evolution contain
an image of biological structure and function. This is be-
cause the biological properties of a protein act as constraints
on the mutations to its sequence that are selected through
evolution, recording structure and function into evolutionary
patterns (1–3). Within a protein family, structure and func-
tion can be inferred from the patterns in sequences (4, 5).
This insight has been central to progress in computational
structure prediction starting from classical methods (6, 7),
through the introduction of deep learning (8–11), up to the
present state-of-the-art (12, 13).

The idea that biological structure and function are reflected
in the patterns of protein sequences has also motivated a new
line of research on evolutionary scale language models (14).
Beginning with Shannon’s model for the entropy of text
(15), language models of increasing complexity have been
developed to fit the statistics of text, culminating in modern
large-scale attention based architectures (16–18). Language
models trained on the amino acid sequences of millions of
diverse proteins have the potential to learn patterns across
all of them. This idea contrasts with the standard basis
for inference from protein sequences, which begins from a
multiple sequence alignment summarizing the evolutionary
patterns in related proteins.

In artificial intelligence, language models of text, despite
the simplicity of their training objectives, such as filling
in missing words or predicting the next word, are shown
to develop emergent capabilities that are connected to the
underlying meaning of the text. These capabilities develop
as a function of scale, with greater capabilities emerging
as computation, data, and number of parameters increase.
Modern language models containing tens to hundreds of
billions of parameters develop abilities such as few-shot
language translation, commonsense reasoning, and math-
ematical problem solving, all without explicit supervision
(19–22). These observations raise the possibility that a par-
allel form of emergence might be exhibited by language
models trained on protein sequences.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 
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15 auteurs

modèle avec 15 milliards de
paramètres

code et données disponibles...

... mais difficiles à utiliser

exécution en ligne proposée...

... mais qui sait quel code y
tourne?

Légalement ouvert,
pas effectivement ouvert
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Un logiciel simple

COMPUTER PHYSICS COMMUNICATIONS 1 (1969) 21-24. NORTH-HOLLAND PUBLISHING COMP., AMSTERDAM

A PROGRAM TO CALCULATE FRANCK-CONDON FACTORS

A. C. ALLISON
Harvard College Observatory and Smithsonian Astrophysical Observatory,

Cambridge, Massachusetts 02138, USA

Received 18 March 1969

PROGRAM SUMMARY

Title of program (32 characters maximum): FRANK-CONDON FACTOR PROGRAM

Catalogue number: AACA
Computer for which the program is designed and others upon which it is operable

Computer: CDC 6400; ANY CDC 6000 SERIES. Installation: Smithsonian Astrophysical Obs., Cambridge, Mass., USA

Operating system or monitor under which the program is executed: SCOPE
Programming languages used: FORTRAN
High speed store required: 15,600 words. No. of bits in a word: 60

Is the program overlaid? No
No. of magnctic tapes required: None

What other peripherals are used? Card Reader; Line Printer
No. of cards in combined program and test deck: 537

Card punching code: C.D.C.
Keywords descriptive ofproblem and method of solution: Atomic, Structure, Transition, Franck-Condon, Bound

States, Elgenvalues, Elgenfunctions, Schrlidinger eq., PotentIal, Local, Numerov.

Nature of physical problem Typical running time
Franck-Condon factors, qv”~’. occupy an Important Best time: 555 Franck-Condon factors in 283 a.

role in the study of absorption and emission processes Test time: 4 Franck-Condon factors In 5 a.
between discrete vibrational levels of two electronic
states of a molecule [11. They are defined by Unusual features ofprogram

2 A single array of mesh points Is used for the nu-
= I f Xv”(ThXv’(ThdR . merical integration corresponding to both upper and

lower state wavefunctions. It is easy to invent a patho-
where Xv~(R),Xv,(R) are the normalised wavefunctions logical case for which, with reference to a particular
associated with the vibrational levels v”, v’ of the lower computer word length, integration of both equations
and upper states, respectively, using a single set of mesh points would not be possible.

However, this situation did not occur In any of the
Method of solution cases we considered.
The above problem Involves the calculation of eigen-

values and elgenfunctions of the Schrödinger equation References
for two different potential functions. We have used the ~ijR.W.Nicholls, Astrophys. J. 141 (1965) 819.
method of Mayers (2), which gives accurate elgenval- (2) D.F.Mayers, Numerical solution of ordinary and
ues and elgenfunctions from a resonable Initial estimate partial differential equations, ed. L. Fox (Pergamon
of the eigenvalue. The equations have been solved nu- Press, London-New York, 1962).
merically using Numerov’s method (3) In a form devel— (3) D.R. Hartree, The calculation of atomic structures
oped by Allison (4). (John Wiley, New York, 1957).

(4) A.C.Alllson, Ph. D. Thesis, Glasgow University
Restrictions on complexity (1967).
The program can be easily modified to accept poten-

tial functions of any complexity rather than the analyti-
cal expression required by this version.
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Un logiciel complexe

10 Computing in Science & Engineering 1521-9615/14/$31.00 © 2014 IEEE Copublished by the IEEE CS and the AIP May/June 2014

Streamlining Development of a Multimillion-Line 
Computational Chemistry Code

Robin M. Betz and Ross C. Walker | San Diego Supercomputer Center

Software engineering methodologies can be helpful in computational science and engineering projects. Here, a 
continuous integration software engineering strategy is applied to a multimillion-line molecular dynamics code; the 
implementation both streamlines the development and release process and unifies a team of widely distributed, 
academic developers.

The needs of computational science and en-
gineering (CSE) projects greatly differ from 
those of more traditional business enterprise 
software, especially in terms of code valida-

tion and testing. Although software engineers have 
expended considerable effort to simplify and stream-
line the development and testing process, such ap-
proaches often encounter problems when applied to 
the scientific software domain. Testing is a notorious 
example of this difference between the two fields. 
Although business applications with a well-defined 
usage are easily testable, scientific applications are 
quite a different story. When the desired outcome 
of a program is an unknown subject of research, the 
traditional measurements of software validity used 
by software engineers are difficult or even impossible 
to define or establish. Tools designed to simplify the 
development process often don’t mesh readily with 
the goals and development timescale of CSE codes, 
and as a result, test suites are typically written from 
scratch or not at all.

CSE codes are also typically developed quite dif-
ferently from other applications. Developers work-
ing on scientific code usually have backgrounds 
that are quite different from those of software en-
gineers, approaching the discipline primarily from 
a scientific background, and as such they’re often 
unfamiliar with good development practices. This 
is further complicated by the fact that groups are 
often distributed among many universities and even 
countries, making collaboration and group deci-
sion making complicated compared to a group of 
software engineers working in the same office. CSE 

developers are also researchers first and foremost, 
and their goal is primarily to generate publication-
quality research, rather than develop maintainable, 
extensible code using the latest development meth-
odologies. This frequently results in a developer cul-
ture that’s resistant to change, as the time required 
to implement and understand a new methodology 
can be prohibitive in a research environment.

Although the tools and methods used in soft-
ware engineering can be difficult to apply to sci-
entific projects, they provide significant benefits to 
the development of scientific software. In this case 
study, we adapt the software engineering practice 
of continuous integration to assist in the validation 
and testing of the molecular dynamics code pack-
age, Assisted Model Building with Energy Refine-
ment (Amber; http://ambermd.org).1 Although 
there were several challenges in applying this meth-
odology to Amber’s complex and diverse code base, 
the introduction of software engineering tools to 
Amber has proven to be extremely useful in unify-
ing a geographically separated group of developers 
with different computer and science backgrounds, 
and ultimately has provided considerable benefits to 
the project as a whole.

Background
Amber is a package of molecular simulation pro-
grams that’s widely used within the computational 
chemistry and computational molecular biology 
communities. It includes a wide variety of programs 
that enable the simulation of molecular systems at 
the atomic level. It includes tools for all stages of 

SOFTWARE ENGINEERING FOR CSE

CISE-16-03-Betz.indd   10 28/05/14   4:50 PM
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Un logiciel complexe et payant (mais : code source disponible)
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Sur les épaules de géants
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Sur des supports fragiles

https ://xkcd.com/2347
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La consolidation de la connaissance

empirique explicatif computationnel
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La consolidation technologique

bricolage artisanat ingénierie industrie
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Rendre la confiance explicite

Nous devons évaluer la fiabilité des supports de nos recherches...

... et les discuter dans nos publications !
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Le calcul ouvert
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Le calcul ouvert

permet et facilite l’examination critique

inspire confiance

Le défi : passer du légalement ouvert à l’effectivement ouvert
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Le calcul ouvert

Calcul ouvert =
code ouvert + données ouvertes

Code ouvert =
logiciel ouvert + environnement ouvert

Logiciel : le code qui m’intéresse
Environnement : le code que ne m’intéresse pas
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Le code ouvert

permet et facilite l’examination critique

il ne suffit pas de rendre le code public

il faut ouvrir le logiciel et l’environnement

il faut évaluer la fiabilité de ses dépendances
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Faire confiance aux logiciels

Le logiciel industriel

Développé par des professionnels

Spécification et documentation pour les utilisateurs

Stable, bien testé, ...

A fait ses preuves

Exemples : gcc, BLAS, Debian, Coq, scikit-lean

Le logiciel artisanal

Simple, compact

Vérifiable par les pairs

Ne dépend que de logiciels industriels

Exemples : les codes Fortran des années 1960 à 1990
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Faire confiance aux logiciels industriels

Comme pour un médicament, un TGV...

Sources de confiance :

Technologies éprouvées

Évaluation par des experts indépendants

Modes d’emploi, formations, ...

Labels de qualité, marques de certification

Cadre légal ou conventionnel de bonnes pratiques
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Les prototypes

(Stable Diffusion 2)
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Les prototypes

(Stable Diffusion 2) (Cjp24, CC BY-SA 4.0, via Wikimedia Commons)
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Les logiciels pseudo-industriels

se présentent comme des bibliothèques réutilisables

trop grands pour une évaluation à l’artisanale

trop petits pour une gestion à l’industrielle

trop spécialisés
évolution trop rapide
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Un logiciel pseudo-industriel

K. Hinsen, 1997 - 2020
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Pourquoi tant de logiciels pseudo-industriels dans la recherche?

le “vrai” industriel est trop contraignant et trop coûteux

le code réutilisable fait partie des bonnes pratiques

Donald Knuth en 2008, dans un entretien avec Andrew Binstock :

I also must confess to a strong bias against the fashion for reusable code. To
me, "re-editable code" is much, much better than an untouchable black box or
toolkit. I could go on and on about this. If you’re totally convinced that reusable
code is wonderful, I probably won’t be able to sway you anyway, but you’ll never
convince me that reusable code isn’t mostly a menace.

https://www.informit.com/articles/article.aspx?p=1193856
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Restructuration
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Le calcul effectivement ouvert
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Supports computationnels (computational media)

Supports numériques pouvant encoder des calculs.

Exemples :

langages de programmation

tableurs

pages Web

moteurs de jeux

notebooks
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Agenda

1 Construire une infrastructure numérique pour la recherche

2 Développer des bonnes pratiques du logiciel pour la recherche

3 Séparer la science artisanale des outils industriels
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Infrastructure numérique pour la recherche

Infrastructure technique

Matériel, logiciels système, réseaux

Modèles de données, formats de données, outils de partage et d’archivage

Langages et outils de programmation

Bibliothèques scientifiques d’intérêt géneral

Infrastructure instutionnelle

Institutions dédiées au développement et à l’évaluation

Gouvernance impliquant les utilisateurs
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De retour dans votre laboratoire...

Posez-vous trois questions :

1 Pourquoi fais-je confiance à mes calculs?
2 Pourquoi fais-je confiance aux calculs des autres?
3 Quelle est la fiabilité de mes outils logiciels ?
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